and multi-output system which controls arterial pressure. The receptors are influenced by multiple input parameters of pulsatile pressure within the carotid sinus ( 15) and the reflex center uses different effector mechanisms to control arterial pressure ( 13, 20) . In addition to this multiplicity of input and output variables, there are nonlinearities which make an accurate description of the system performance rather difficult (5, 16, 19) . The bestknown nonlinearity is the static relationship between nonpulsatile pressure in the isolated carotid sinus and the response of the mean systemic arterial pressure (Blutdruckcharakteristik-Kurve of Koch (11) the ascending aorta 7-9 days prior to the experiment. On the day of experiment the animal was sedated with morphine sulfate (2 mg/kg) and then anesthetized with a-chloralose (60 mg/kg) and urethan (400 "g/kg). Supplemental anesthesia was given as needed using one-fourth the initial amount. The animals were heparinized and both carotid sinuses were functionally isolated using a modified Moissejeff technique ( 17) . The internal carotid, occipital, and any small arterial branches were ligated. Bulldog clamps were used to occlude the external carotid arteries during the experimental run. A four-way glass junction was connected to the cephalad segment of both common carotid arteries, the caudal portion of the left common carotid artery, and a pressure-generating system. This system, which has been described previously ( 14), consisted of a comparator, a servo amplifier and motor-driven water-filled syringe pump (Harvard Apparatus Co.), and a pressure transmission chamber which was coupled to the pump and contained blood and water separated by a thin rubber membrane. The inputs to the comparator were an electrical The order of the frequency and amplitude studies was varied from dog to dog. After both were completed, the cervical vagal nerves were severed and each series was repeated.
For a number of reasons, such as an unstable base line of aortic flow signal and unexpectedly deep anesthesia caused by a subsequent dose of anesthesia, the entire set of 72 determinations could not be completed in every dog. In addition, the initial two experiments did not include studies at the mean sinus pressure of 75 mm Hg. Therefore, the number of dogs contained in the sets of data ranged from six to ten.
RESULTS
Efects of a sinusoidal pulsation (50 mm Hg, 2 Hz) superimposed on diferent mean intrasinus pressures. Generally the addition of pulsation on a static intrasinus pressure (ISP) caused decreases in mean arterial pressure (MAP), cardiac output (CO), and total peripheral resistance (TPR) from those observed before pulsation.
However, the magnitude of these decreases depended greatly on the mean carotid sinus pressure level to which the pulsation was added. from nonpulsatile pressure to physiological pulsatile pressure in the carotid sinuses caused significant changes in MAP, CO, and TPR at mean ISP levels of 75, 100, and 125 mm Hg, but there was no significant change when the mean level was 150 mm Hg. The graph also indicates that, between the reductions of CO and TPR, the latter contributed more greatly (up to 9 %) to the decrease in MAP than the former (less than 5 %). The upper half of Table 1 tabulates the numerical values for MAP, CO, and TPR before and after the standard pulsation in the vagi-intact dogs. As listed in the table, the analysis by paired t test shows that changes in CO caused by the pulsation are statistically significant at the mean ISPs of 100 and 125 mm Hg, and so is the change in TPR at the mean ISPs of 75, 100, and 125. In summary, depressor effect caused by the standard pulsation was most prominent when the ISP was around 100 mm Hg and insignificant when the ISP was near 150 mm Hg.
Efect of amplitude. Figure 4 presents The right panel of Fig. 2 shows the results after vagotomy where the same pulsation resulted in more marked reductions of MAP, CO, and TPR than those before vagotomy (Table  1) . After vagotomy, the percent reduction of CO induced by pulsation became as large as the percent reduction of TPR at ISPs of 75, 100, and 125 mm Hg. At 150 mm Hg, the percent reduction of CO was far greater (10 %, statistically significant) than that of TPR (3 %, statistically insignificant). Efect of frequency. The responses of MAP, CO, and TPR to varying frequencies of sinusoidal pressure at the fixed amplitude of 50 mm Hg are summarized in Fig. 3 . Data were obtained from complete frequency studies performed on six to eight dogs at each mean ISP. In the vagi-intact dogs, the effect of changing the frequency from 1 to 4 Hz was generally slight and divergent.
That is, in all the levels of mean TSP examined, neither MAP, CO, nor TPR exhibited any significant and systematic changes with the increase in frequency of pulsation above 1 Hz. In the vagotomized dogs a graded decreasing response to increasing the frequency was observed in MAP, CO, and TPR at the mean ISP of 75 mm Hg (lower panel of Fig. 3) . However, at mean ISPs of 100, 125, and 150 mm Hg, the frequency effects on MAP, CO, and TPR were slight and inconsistent as before vagotomy. no significant or consistent changes in MAP, CO, and TPR were brought about by the increase in amplitude of pulsation.
E$ect of pulsatilepressure on heart rate. The heart rate changes occurring under the separate frequency and amplitude runs are illustrated together in Fig. 5 . Increasing the amplitude of pulsation caused no consistent change in heart rate in the vagi-intact dogs, but, after vagotomy, a progressive reduction in heart rate and stroke volume occurred with increase in amplitude at three lower ISPs. On the other hand, increasing the frequency of pulsation did not result in any significant change in either heart rate or stroke volume, whether the vagi were intact or severed. The results agree with and further amplify previous partial observations on the nonlinear behavior of the reflex system. The major points of this study may be summarized as follows: 1) The effects of a pulsatile intrasinus pressure at a physiological frequency (2 Hz) and amplitude (50 mm Hg) on MAP, CO, and TPR depended greatly on the mean level of ISP to which pulsation was added (Fig. 2) . 2) Change in frequency of pulsation within a physiological range ( l-4 Hz) did not have a significant effect on any of the output variables at any of the four mean ISPs before vagotomy and at ISPs of 100, 125, and 150 mm Hg after vagotomy (Fig. 3) 3) Change in amplitude from 25 to 50 and 75 mm Hg exerted significant influence on MAP and TPR before vagotomy. After vagotomy a more marked effect was seen not only on MAP and TPR, but also on CO (Fig. 4) . When the mean level of intrasinus pressure was 150 mm Hg, the amplitude effects were absent.
DISCUSSION
It seems that the overall reflex effect of increasing the amplitude of pulsatile intrasinus pressure can be explained, at least partly, in terms of the directionally asymmetric rate sensitivity of the carotid sinus baroreceptor (3, 4, 6, 12, 15, 2 1). Increasing the amplitude of pulsation at a mean ISP below 150 mm Hg increases the total number of the afferent impulse per unit time (4, 12) and thus causes a depressor response. However, when the static ISP is elevated to 150 mm Hg, addition of pulsation does not increase the afferent discharge further because the asymmetric rate sensitivity is reduced or even reversed at that mean pressure (3, 5, 12, 15). Hence, there is no hypotension or even a pressor response (22) .
On increasing the frequency of pulsation from 1 to 4 Hz, there was no significant change in MAP, even when mean ISP was as low as 100 mm Hg. This result is consistent with the finding on the renal sympathetic discharge during the carotid sinus baroreceptor reflex by Kezdi and Geller ( 10). These authors showed that increasing the frequency of sinusoidal pressure in the carotid sinus had no effect on the mean frequency of the renal sympathetic discharge throughout most of the frequency range between 0.03 and 8 Hz. Several other investigators ( 1, 16, Z) , with the exception of Gero and Gerova (6), also noted the absence of the frequency effect on MAP above 1 Hz when mean ISP was between 100 and 150 mm Hg.
Since we can disregard the minute effect of frequency change in the physiological range, we plotted in Fig. 6 the relationship between mean ISP and MAP with pulse pressure as a parameter.
The slopes of these (piecewise linearized) curves represent the open-loop gains of the reflex, defined as AMAP/AISP, in the respective regions of ISP. It will be seen in the graph that the portion of these curves which has the steepest slope (i.e., the maximum gain region) shifts from the high ISP region ( 125-150 mm Hg) toward the low ISP region ( 75-100 mm Hg) as the pulse pressure is increased from 0 to 75 mm Hg. This trend became clearer after vagotomy. If one compares the gains within the same ISP region, e.g., between 100 and 125 mm Hg, he will see that the gain value decreases with increasing pulse pressure. A few researchers observed this reduction in the reflex gain associated with addition of a large pulsation ( 1, 16) . Based on such an observation, Angel1 James and Daly ( 1) reported a hypothetical diagram which appears similar to that in Fig. 6 . Their diagram indicates that the transfer gain of the sinoaortic reflex control of total peripheral resistance becomes gradually smaller with increase in pulse pressure in the baroreceptor
area. An important difference between the two is the following point. In the hypothetical diagram of Angel1 James and Daly the maximum gain markedly decreases with increasing amplitude of pulsation. In our experimental data the increase in pulse pressure simply shifts the maximum gain region toward the lower region of ISP without significantly reducing the maximum gain unless pulse pressure becomes as large as 75 mm Hg. This difference derives from the difference in the reflex output studied. Angel1 James and Daly's preparation allowed them to measure only the reflex response of TPR, whereas we studied both the cardiac and vascular responses. There has been controversy with regard to the participation of cardiac output in the pressor response to common carotid arterial occlusion (2, 9, 18). Our previous study (20) and present experiment suggest that an increase in cardiac output participates in the pressor response particularly in vagotomized dogs, and that increase is the result of the fall in mean intrasinus pressure and the decrease in pulse pressure in the occluded sinuses. The present data further suggest that part of the variable cardiac output responses observed among individual animals in those occlusion studies may have resulted from the variable degree of reduction of pulse pressure as well as of mean intrasinus pressure in the occluded carotid sinus area. However, there must be some reason, yet to be elucidated, for the variation in cardiac output response, because our previous study (20) , which used nonpulsatile pressure forcing, also showed a rather large subject-to-subject variation in the relative contribution of cardiac output and total peripheral resistance to reflex changes in mean arterial pressure. The use of this multi-input analysis of the carotid sinus reflex can be illustrated by an example of arterial pressure regulation after acute hemorrhage. Our group (14) studied in similarly anesthetized dogs the compensatory effect of the carotid sinus reflex on arterial pressure 2 min after an acute 20 % bleeding.
Part of the findings before vagotomy is summarized in Table 2 It must be mentioned that in the present study a few dogs did respond much more strongly to the change in the pulsatile component of sinus pressure than other dogs. Likewise, in the previous study on hemorrhage, a few dogs maintained arterial pressure much better with the pulsatile perfusion than with the nonpulsatile servoperfusion of the carotid sinuses. However, these two studies show that, on an average, the sensitivity of the overall to the effect of changes in dynamic parameters of sinus prescarotid sinus reflex system to physiologically probable sure. It can also be seen from the upper left panel of Fig. 4 changes in the pulse pressure or pulse rate of intrasinus presthat the decrease in pulse pressure of 14 mm Hg after hemorsure is not quantitatively important compared with ;he rhage (Table  2) will result in an elevation of about 3 mm Hg of mean arterial pressure in the mean ISP region from reflex sensitivity to alteration of mean intrasinus pressure.
125 to 100 mm Hg. On the other hand, the direct effect of the posthemorrhage change in heart rate from 1.7 to 2.8 Hz ( 103 to 168 beats/min) appears to be negligible in reference to the current finding (Fig. 3) . Thus, from these experimental data and the above simple calculations, we are able to show that, of the 25 mm Hg recovery of arterial pressure by the reflex, 22 mm Hg is caused by the decrease in mean carotid sinus pressure and 3-4 mm Hg by the reduction in pulse pressure. In the above calculation we assumed that, as far as th .e overall reflex effect is concerned, the pulsatile component of the sinus pressure was equivalent to sinusoidal pres-
